저작자표시-비영리-변경금지 2.0 대한민국
이용자는 아래의 조건을 따르는 경우에 한하여 자유롭게
l

이 저작물을 복제, 배포, 전송, 전시, 공연 및 방송할 수 있습니다.

다음과 같은 조건을 따라야 합니다:

저작자표시. 귀하는 원저작자를 표시하여야 합니다.

비영리. 귀하는 이 저작물을 영리 목적으로 이용할 수 없습니다.

변경금지. 귀하는 이 저작물을 개작, 변형 또는 가공할 수 없습니다.

l
l

귀하는, 이 저작물의 재이용이나 배포의 경우, 이 저작물에 적용된 이용허락조건
을 명확하게 나타내어야 합니다.
저작권자로부터 별도의 허가를 받으면 이러한 조건들은 적용되지 않습니다.

저작권법에 따른 이용자의 권리는 위의 내용에 의하여 영향을 받지 않습니다.
이것은 이용허락규약(Legal Code)을 이해하기 쉽게 요약한 것입니다.
Disclaimer

공학박사 학위논문

Electrical and Electrochemical
Properties of Carbon Coating for
PEMFC Metallic Bipolar Plate
고분자 전해질 연료전지 금속 분리판 적용을 위한
탄소 박막 특성 연구

2015 년 8 월

서울대학교 대학원
재료공학부

장 동 수

Abstract
Polymer electrolyte membrane fuel cells (PEMFCs) operate at
low temperatures and have quick start-up abilities as well as high
power densities. PEMFCs are the most promising candidate for use
in portable electronics, transportation vehicles, and small-scale
stationary plants. Owing to its high electrical conductivity and
chemical stability, machined graphite is typically used for the bipolar
plate of PEMFCs. However, the graphite plate is brittle and therefore
cannot be sufficiently thinned in order to realize a high power density
and low weight. PEMFCs designated for use in vehicles require more
than 500 bipolar plates; thick and fragile graphite plates are ill-suited
for such applications. Reducing the volume and weight of the stack as
well as the stack cost is therefore essential to the commercialization
of PEMFCs. These reductions can be achieved by replacing the
graphite plate with metallic ones. As such, in this project, amorphous
carbon film was deposited on an STS 316L bipolar plate using
inductively coupled plasma (ICP) assisted magnetron sputtering.
The coated samples all satisfied the DOE requirement that the
interfacial contact resistance (ICR) values must be lower than 20
mΩ∙cm2. After potentiostatic polarization, the surface of the carbon
films and the ICR values changed only slightly. In addition, the surface
roughness of the coating increased with increasingly negative applied
bias voltage, which resulted in decreased ICR values. The corrosion
current densities of the carbon film deposited at zero and negative
bias voltages were larger and lower, respectively, than the DOE
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target of 1 μA∙cm-2. In fact, the films exhibited a lowest corrosion
current density of 0.28 μA∙cm-2 when the carbon was coated at a
bias of −60 V. The carbon coating produced at a 0 V bias had a higher
oxygen content, and led to a higher cathodic current density; this
current density resulted from the high catalytic effect of the oxygen
content in the film. The EIS analysis with an equivalent circuit model
revealed the porosity corrosion mechanism of the anodic current
regime;

impedance

spectra

measured

before

and

after

the

potentiostatic polarization at 0.6 VSCE were compared. The spectrum
of the carbon film deposited at −60 V bias changed only slightly after
the corrosion test, and reflected the low anodic current density. In
the case of the carbon film deposited at 0 V bias, the capacitive
behavior at low frequencies became resistive owing to pore
enlargement. The substrate bias therefore reduced the coating
porosity and improved the corrosion resistance.
The adhesion of the carbon film was inadequate for the protection
of the STS 316L bipolar plate. The carbon film grown at a high
substrate bias was able to store large amounts of elastic energy. This
stored energy was released via film buckling and delamination during
the scratch test. To overcome the adhesion problem, a titanium
interlayer was inserted between the STS 316L substrate and the
carbon film.
The mechanical adhesion was improved by the Ti interlayer; i.e.,
significant buckling of the C/Ti-bilayer-coated STS 316L did not
occur during the scratch test. The Ti interlayer balanced the thermal
expansion coefficients (CTEs) between the substrate and the carbon
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film, since the Ti has intermediate CTE value. And owing to its higher
bond energy with carbon, compared with that of the C and STS 316L,
the Ti can also anchored the carbon overcoat. The ICR value of the
C/Ti bilayer coating also satisfied the DOE target. This value
depended primarily on the quality of interfacial contact between the
GDL and the bipolar plate. However, the bulk conductivity of Ti is
extremely low and has negligible influence on the ICR. Although the
columnar-structured Ti interlayer led to an open structure of the
carbon overcoat, the corrosion resistance of the C/Ti bilayer coating
still fulfilled the DOE target. In fact, the ‘high-potential stability’
increased substantially. When potentials larger than 0.8 VSCE were
applied to the sample during the potentiostatic polarization test, the
STS 316L bipolar plate underwent pitting corrosion by Cr ionization.
This pitting deteriorated the adhesion of the carbon single-layer
coating and cracks propagated along the interface between the carbon
and the substrate. However, the passive oxide state of Ti persisted
at these high potentials, thereby resulting in a high-potential stability
of the C/Ti bilayer coating.
In brief, the carbon coating on STS 316L exhibited excellent
properties and are therefore well-suited for use in bipolar plates.
Moreover, the Ti interlayer improved the adhesion of the carbon
coating as well as the high-potential stability.

Keywords : PEMFC, bipolar plate, ICP, carbon coating, ICR, corrosion,
porosity
Student number : 2006-20877
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I. INTRODUCTION
Fuel cells are electrochemical devices that convert chemical
energy directly into electricity. Owing to their higher energy
efficiency, less noise and vibration, and only moderately harmful byproducts, fuel cells are superior to conventional combustion engines.
Fuel cells are typically classified according to their electrolytes, such
as phosphoric acid, solid oxide, molten carbonate, and polymer
electrolyte. Polymer electrolyte membrane fuel cells (PEMFCs)
operate at low temperatures and have quick start-up ability as well
as high power density. PEMFCs are the most promising candidate for
use in portable electronics, transportation vehicles, and small-scale
stationary plants.
The basic structure of a PEMFC is shown in figure 1-1. In a
PEMFC, hydrogen gas that is fed into the flow field channel, diffuses
through the gas diffusion layer (GDL) and is decomposed into protons
on the catalytic electrode. These protons pass through the polymer
membrane and react with oxygen, thereby producing water.
Electrons are also generated and consumed during each catalytic
reaction. Furthermore, the membrane electrode assembly (MEA, M
in the figure) consists of a GDL, catalytic electrode, and membrane.
An MEA enclosed by two bipolar plates is constitutes a “unit cell”,
and several hundred unit cells are stacked in a fuel cell “stack”.
This stack is mechanically supported by the bipolar plates, and the
reaction gases such as hydrogen and oxygen, as well as water all
flow through the channel on the bipolar plate; gas penetration of the
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bipolar plate is prevented, whereas heat and electron conduction are
facilitated. Moreover, the bipolar plates must be low-cost and exhibit
high electrical conductivity, corrosion resistance, and mechanical
strength, as well as low hydrogen permeability.
Machined graphite exhibits high electrical conductivity and
chemical stability and is therefore typically used for bipolar plates.
However, graphite plates are brittle and cannot be sufficiently
thinned in order to realize high power density and low weight.
PEMFCs designated for use in vehicles require more than 500 bipolar
plates; thick and fragile graphite plates are ill-suited for such
applications. Furthermore, fabricating the flow channel on the
graphite surface is frequently cost-prohibitive, and the machining
required is time-consuming. In 2006, graphite bipolar plates
accounted for ~75 % and 11–45 % of the total weight and stack cost,
respectively [1]. Reducing the volume and weight of the stack as well
as the stack cost is essential to the commercialization of PEMFCs.
These reductions can be achieved by replacing the graphite plate with
metallic ones.
In the fuel cell stack, protons are dissolved in water, which is
generated by electrochemical reaction or supplied intentionally; heat
is also a reaction by-product. Fuel cells function therefore in an
acidic (pH 2–3), high-temperature (~80 °C) environment. In addition,
the surface of the metallic bipolar plate is passivated under the
corrosive medium, and an oxide layer grows during cell operation.
The subsequent increase in the interfacial contact resistance (ICR)
leads to a degradation of the stack performance. Although 316L
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stainless steel (STS 316L) is a suitable metallic alternative to the
graphite bipolar plate, this steel can only be used in practical
applications after a surface modification treatment has been
performed. Various surface treatments, aimed at preventing a
decrease in the electrical conductivity of this steel, have been
investigated; these include nitriding [2], carburizing [3], and thin film
coatings. Among these treatments, the coating of inert materials
under a PEMFC environment has received significant attention.
Coating materials such as noble metals [4], transition metals [5,
6], metal nitrides [7-10], conductive oxides [11], and amorphous
carbons [12, 13] have been used to improve the properties of the
STS 316L bipolar plate. In particular, amorphous carbon combined
with transition metal nitrides exhibited high corrosion resistance but
low electrical conductivity [14, 15]. In addition, by itself, the
amorphous carbon layer did not satisfy the DOE (U.S. Department of
Energy) specifications [16].
Feng et al [12] deposited amorphous carbon thin film on STS
316L by closed field unbalanced magnetron sputtering (CFUBMS)
without a substrate bias. The ICR of the single amorphous carbon
coating developed in that work was lower than 20 mΩ∙cm2, thereby
satisfying the DOE stipulation; however, the corrosion current
density was higher than that (1 μA∙cm-2) of the DOE target at 0.6
VSCE (V vs. standard calomel electrode (SCE)) in a simulated cathodic
environment.

Moreover,

Larijani

et

al

[17]

showed

that

improvements in the corrosion resistance of the amorphous carbon
film are still required. Chung et al [18] and Matsuo et al [19] used
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chemical vapor deposition (CVD) to prepare graphitic carbon films on
STS 304 bipolar plates. The ICR of the CVD carbon was lower than
20 mΩ∙cm2, and the films exhibited excellent corrosion resistance.
One of the samples even had a higher corrosion potential than that of
the graphite bipolar plate. However, the >1000 K deposition
temperature was too high to ensure the mechanical stability of the
bipolar plate.
Although the properties of amorphous carbon film vary
significantly with the processing parameters, and short-term goals
can be achieved, issues associated with adhesion and internal film
stresses are inevitable when carbon coatings are used. Long term
stability of the films can only be ensured by achieving excellent
adhesion.
In

particular,

diamond-like

carbon

(DLC)

exhibits

high

compressive stress and poor adhesion [20]. Highly stressed films
store large amounts of strain energy. However, the film buckles and
delaminates when the energy release rate exceeds the adhesion
strength [21-23]. Various attempts, such as doping [24], ion
irradiation [25], and interlayer [26-31], have been made to reduce
the compressive stress of DLC and improvements in the adhesion,
tribological properties, and corrosion resistance have been achieved.
Titanium (Ti) interlayers have been especially effective at lowering
the thermal stress in the DLC/steel substrate system [30].
As such, in this project, amorphous carbon film was deposited on
an STS 316L bipolar plate using inductively coupled plasma (ICP)
assisted magnetron sputtering, and the effect of the substrate direct
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current (DC) bias was evaluated. A Ti interlayer was inserted
between the carbon coating and the substrate by magnetron
sputtering in order to improve the film adhesion.

１５

Figure 1-1. A schematic diagram of PEMFC.
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II. EXPERIMENTAL
2.1 Deposition method

2.1.1 Substrate
Austenitic stainless steels (AISI 316L, or STS 316L) were used.
The composition is 0.03 wt.% C, 2 wt.% Mo, 12 wt.% Ni, and 18 wt.%
Cr. Samples of 0.1 mm thick were cut into a size of 30 X 50 mm2.

2.1.2 Deposition system
The schematic is shown in figure 2-1. Inductively coupled
plasma (ICP) enhanced magnetron sputtering was used for the
deposition of amorphous carbon thin films. ICP antenna made of twoturned Cu tube was equipped in the cylindrical stainless steel
chamber between the substrate and the graphite target. RF power
was coupled to the antenna using an L-type matching network at
13.56 MHz. Graphite target with 7.6 cm diameter was mounted on the
sputter gun, and the target surface was 11 cm away from the
substrate. Another sputter gun with a target of 7.6 cm diameter for
the deposition of the interlayer was placed 7.5 cm above the
substrate. Both sputter guns were operated by DC power sources.
The substrate was inserted into the chamber via load lock system
and connected to DC bias power in the chamber. Base pressure was
evacuated under 5 ´ 10-4 Pa by turbo molecular pump or diffusion
pump, while operating pressure was set at 1.33 or 2 Pa of Ar gas
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using butterfly valve manually.

2.1.3 Deposition process
Typical process condition is summarized in table 1. Prior to
deposition, all substrates were cleaned in an ultrasonic bath for 15
minutes in acetone and ethanol sequentially and then, blown by
nitrogen gas. In order for better adhesion, the substrates were etched
by Ar ion at a negative bias voltage of 100 ~ 150 V during 5 min.
After pretreatment, the interlayer or the amorphous carbon films
were deposited with various conditions such as substrate bias voltage
and target power, etc. During the deposition of amorphous carbon,
ICP was sustained in addition to the DC discharge for enhancing the
bias effects owing to its high ion density. Etching by resputtering of
the film predominated over the deposition process at negative bias
voltage larger than 100 V.

2.2 Interfacial Contact Resistance
Interfacial contact resistance (ICR) was determined according to
the method of Davies et al [32-34]. A sample was sandwiched
between carbon papers (SGL 10BC) and compressed by a mechanical
test machine (Instron 5967, INSTRON) at compaction pressures of
50, 100, and 150 N∙cm-2. The carbon paper is used as gas diffusion
layer (GDL) in fuel cell stack. Au-coated Cu blocks were placed
between the carbon paper and the machine as current collectors.
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Series resistance from one Cu block to the other block via the carbon
papers and the sample was measured by impedance measurement
unit (GOM-801H, GW INSTEK). The ICR value was calculated by
subtracting the extra resistances from the total series resistance.
The extra resistances were resistance between the carbon paper and
the Au coating, bulk Cu blocks, carbon paper itself, and circuit
resistance. Since bulk resistances is extremely small when their
resistivity and thickness are taken into account, the bulk resistance
of STS 316L, carbon paper, and coatings can be ignored. The
schematic diagram of ICR measurement is depicted in figure 2-2.

2.3 Electrochemical Test

2.3.1 Equipment and test condition
Test electrolyte were 0.1 N H2SO4 + 2 ppm HF aqueous solution,
placed in a thermostat bath at 80 ℃ with air bubbling to simulate the
cathodic side of the bipolar plate in PEMFC. The solution measured
about 2 in pH value. A conventional three electrode system was used.
A reference was saturated standard calomel electrode (SCE,
saturated KCl), counter electrodes for current collection were two
carbon rods, and the working electrode was the sample. A
potentiostat (VersaSTAT 3, Princeton Applied Research) was used
for measurements.
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2.3.2 Polarization test
Various polarization tests were conducted under simulated
PEMFC environment. In potentiodynamic polarization, the potential of
sample was swept from -0.5 VSCE to 1.2 VSCE typically with a scan
rate of 1 mV∙s-1. Cyclic polarization or cyclic voltammetry means the
upward potentiodynamic scan and subsequent downward scan. The
working potential of potentiostatic polarization test was set at 0.6
VSCE in default value representing the cathode side of the bipolar plate
under the PEMFC operation. Potentiostatic test with other potentials
was also performed for investigating the surface reactions. Other
tests were also carried out such as open circuit voltage evolution and
linear polarization resistance measurement, etc.

2.3.3 EIS
Electrochemical impedance spectroscopy was used to investigate
the corrosion phenomena occurred on the surface and at the interface.
In the measurement, a perturbation voltage, E=E0sin(ωt) is applied
at the working electrode under static potential of 0.6 VSCE. The
frequency, ω ranged from 105 Hz to 10-2 Hz, and the amplitude, E0
was 5 mV. Three-electrode system was also adopted. After the
measurement

by

CHI604A

Electrochemical

analyzer

(CH

Instrument), the obtained impedance, Z was simulated and analyzed
using equivalent circuit model. Commercial software, ZView was
utilized as well as MS Excel. Model circuits are explained in another
chapter with the porosity.
２０

2.4 Materials Characterization
The bonding nature of amorphous carbon films was characterized by
Raman spectroscopy (LabRAM ARAMIS, Horiba Jobin Yvon) with Ar
ion laser of 514.36 nm and by X-ray Photoelectron Spectrometer
(XPS) (K-Alpha, Thermo Scientific). Film composition could be
examined by Secondary Ion Mass Spectroscopy (SIMS) (IMS 6f,
CAMECA). X-Ray Diffraction (XRD) (New D8, Bruker) revealed the
crystal structure of Ti interlayer while no crystalline peaks were
found for the carbon films due to its amorphous nature. Field
Emission Secondary Electron Microscope (FESEM) (SU70, Hitachi
HTA or JSM6335F, JEOL) and Atomic Force Microscope (AFM)
(NANOStationII, Surface Imaging Systems) showed the surface
morphology of the samples. Cross section of the film can be viewed
by Focused Ion Beam (FIB) (AURIGA, Carl Zeiss). Transmission
Electron Microscope (TEM) (Tecnai F20, FEI) was also used for the
investigation of the microstructure. After the potentiostatic test, the
solution was collected and analyzed by ICP mass spectroscopy (ICP
MS) (820-MS, Varian) in order to determine the amounts of
dissolved metal ions such as Fe, Cr, Ni, and Ti. Internal stress of the
film can be evaluated from the Raman spectroscopy. Samples were
scratched by nano-scratch test machine (APEX-2T, Bruker) for
adhesion comparison.
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Table 2-1. Typical deposition parameters.

Basic Parameters
Base pressure

< 5 ´ 10-4 Pa

Operating pressure

0.7 ~ 2 Pa

Gas

Ar 20 ~ 50 sccm

Substrate size

30 ´ 50 mm2

Pretreatment
ICP

100 ~ 200 W

Negative substrate bias (DC)

100 ~ 150 V

Interlayer deposition
with various target power and substrate bias
Carbon deposition
ICP

100 ~ 200 W

Sputter power (carbon)

400 W

Negative substrate bias (DC)

0 ~ 100 V
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Figure 2-1. A schematic diagram of the deposition chamber.
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Rtotal = 2 RC -coating + 2 RC - Au + 2 RC + Rsample + Rcircuit
Rextra = 2 RC - Au + 2 RC + Rcircuit
Rtotal - Rextra
2
: ICR b/w carbon paper and coating

RC -coating =
RC -coating

RC - Au : ICR b/w carbon paper and gold-plated current collector
RC : bulk resistance of carbon paper, negligile
Rsample : bulk resistance of sample, negligible
Rcircuit : resistance of device and circuit
Figure 2-2. A schematic diagram of the ICR measurement with a
circuit model.
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III. RESULTS AND DISCUSSION
3.1 Interfacial Contact Resistance

3.1.1 ICR of metallic bipolar plate

Bipolar plates experience high temperature and acidic electrolyte
during PEMFC operation. Since anodic side of the bipolar plate is at
-0.1 VSCE, oxygen or hydrogen reduction reaction takes place
dominantly. The cathodic side is, however, at about 0.6 VSCE, and
most of the metallic materials tend to be oxidized at this high potential.
Pourbaix diagrams of Fe, Cr, and Ti, which are main metallic
components of this study, are presented in figure 3-1-1 with
indicating the cathodic condition of the PEMFC. All are stable as oxide
or hydroxide states in 0.6 VSCE.
The surface of STS 316L is covered by air-formed native oxide.
When the STS 316L is immersed in simulated PEMFC environment
and its potential is raised to 0.6 VSCE, the surface oxide becomes
passivated layer. Bonding nature of the component of STS 316L could
be analyzed by XPS before and after potentiostatic polarization of 24
hours (figure 3-1-2). The native oxide was Fe-rich shown as high
peak intensity of Fe oxide state before the polarization test, while the
passivated layer was changed to Cr-rich that is clearly seen as large
amount of increase of Cr oxide peaks after the test. In the frame of
Point Defect Model (PDM) applied to similar experiments, the
２５

passive current decays exponentially as follows [35]:
log(j) = −A − k ∙ log(t).
A log-log plot of the current density and time gives a straight
line with a slope of -k. For thicker and dense passivated films, the k
value approaches 1, but for thinner or porous films, it can be as low
as 0.5 [36]. In this study, the k value of STS 316L was 0.452 before
10 sec, and converged to 0.836 after 30 sec (figure 3-1-3).
Therefore, it is concluded that dense passivated layer was formed at
the surface of STS 316L in the early stage of potentiostatic
polarization test.
Ti can also be passivated by forming stable oxide layer according
to the Pilling Bedworth Ratio (PBR). The PBR is the ratio of the
produced oxide volume to the consumed volume of the corresponding
metal. When the PBR is between 1 and 2, the passivated layer can
protect from further surface oxidation. Although the guideline of PBR
for corrosion protection has numerous exceptions, it is still useful for
Ti. The PBR of Ti is 1.21 for TiO, 1.51 for Ti2O3, and 1.77 for TiO2
[37].
The current density of STS 316L and Ti coated STS 316L
(Ti/STS316L) at 0.6 VSCE in potentiodynamic test was about 10
μA∙cm-2, and those values are larger than DOE specification of 1
μA∙cm-2. Passivated oxide layer on the surface of STS 316L and Ti
enhanced the corrosion resistance of the bipolar plate. The passive
current density of both samples at 0.6 VSCE fell down to 2~3 x 10-7
A∙cm-2 after potentiostatic test of 10,000 sec.
However, the ICR and the corrosion resistance is a trade-off
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relationship. The ICR of STS 316L and Ti/STS316L bipolar plate
increased substantially after the potentiostatic test, while the
corrosion resistance was improved. As shown in figure 3-1-4, the
ICR of STS 316L was 9.5 mΩ∙cm2 when the native oxide was etched
by Ar plasma. That was satisfactory to the DOE target of 20 mΩ∙cm2,
but its value with native oxide or passivated oxide increased to 100
mΩ∙cm2. In case of humid condition, the ICR of STS 316L was as
high as 180 mΩ∙cm2. Ti/STS316L showed similar behavior. The ICR
of Ti/STS316L increased from 22 mΩ∙cm2 at as-deposited state to
82 mΩ∙cm2 after potentiostatic test. Metallic surface of bipolar plate
is prone to get oxidized during the PEMFC operation, and the cell
performance degrades due to the increase of the ICR. Therefore,
inert coating on the metallic surface should be applied such as Au,
nitride, or carbon. In the following, ICR of carbon coated STS 316L
was investigated.

3.1.2 ICR of carbon coated bipolar plate

The ICR decreases exponentially as the compaction force
increases from 50 N∙cm-2 to 150 N∙cm-2. Data of carbon coated STS
316L (C/STS316L) measured at 150 N∙cm-2 are summarized in
figure

3-1-5

with

RMS

roughness.

All

samples

exhibited

substantially lower ICR than that of STS 316L and satisfied the DOE
target (20 mΩ∙cm2).
Opposite trend of the ICR and roughness can be easily seen in
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the figure. As the bias increases, the incident atoms have higher
kinetic energy and surface mobility. Then the film grows to be more
agglomerated. Rough surface may be equivalent to larger contact
area in this experiment. Actually, the roughness value of several
nanometers does not match the roughness of the carbon paper which
is made up of carbon fibers with a diameter of about 7 μm. And the
STS 316L sheet itself has sinusoidal-like pattern with amplitude of
about 200 nm and wavelength of 3 μm along the rolling direction.
Therefore, the basic contact area is determined by the roughness
scale of the STS 316L sheet and carbon fibers [38]. However, the
carbon fiber has wavy surface circumferentially with about 70 nm
roughness [39, 40]. That is one order of large value than the surface
roughness of carbon film. As a result, the relationship between the
ICR and the surface roughness of amorphous carbon films can be
explained in view of the nano-scale roughness. Scaled picture is
illustrated in figure 3-1-6.
The ICR of C/STS316L after potentiostatic test increased slightly
at about 10 %, which was still under DOE target (figure 3-1-4). For
better adhesion, Ti thin film was inserted between carbon coating and
STS 316L substrate. ICR of C/Ti/STS316L was lower than
C/STS316L even after the potentiostatic test. In evaluation of the
ICR, the bulk resistance of each layer did not affect appreciably
because its value is negligibly low. And newly generated interface
between carbon layer and Ti layer also seemed to have no effect on
the ICR. According to the XPS depth analysis and TEM cross
sectional view, interfaces between carbon and Ti, Ti and STS 316L
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had mixed layers due to biased deposition. Therefore, the effect of
interfaces on overall ICR value was much lower than the ICR between
carbon coating and carbon paper (GDL).
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Figure 3-1-1. Potential-pH (Pourbaix) diagrams for the Fe
species (a) and Cr species (b) in the ternary system of Fe-Cr-Ni
at 100 °C and [Fe(aq)]tot=[Cr(aq)]tot=[Ni(aq)]tot=10-8 molal [41],
and for the Ti species at 25 °C [42].
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Figure 3-1-2. XPS spectra of Fe (a) and Cr (b). Measurements
were performed before and after the potentiostatic polarization of
24 hours. “Me” and “Ox” represents metal state and oxide
state, respectively.
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Figure 3-1-3. Current density transient curve in a log-log scale
measured for the STS 316L.
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Figure 3-1-4. ICR values of various bipolar plates before and after
the potentiostatic test. Dotted line indicates the DOE target.
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Figure 3-1-5. ICR values of carbon films at various substrate
biases and their RMS roughness values.
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Figure 3-1-6. Scaled illustration about the effect of the surface
nano-roughness.
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3.2 Single Layer Carbon Coating
Conventional material for the bipolar plate has been graphite
owing to its high electrical conductivity and corrosion resistance. The
specific resistivity of crystalline graphite along a-axis and c-axis is
approximately 40 μΩ∙cm and 104 μΩ∙cm, respectively, while that
of polycrystalline graphite is about 1000 μΩ∙cm [43]. Commercial
graphite material has also comparable resistivity ranging from 100 to
2500 μΩ∙cm [44]. In electrochemical aspect, graphite itself is not
thermodynamically stable when examining the potential-pH diagram
shown in figure 3-2-1. In practice, however, graphite exhibits
reasonable corrosion stability in aqueous system because the
following principal reactions are highly irreversible [43].
C + 2H O → CO + 4H  + 4e

(1)

C + H O → CO + 2H  + 2e

(2)

Therefore, graphite and carbon-based materials are widely used
for the electrode in various electrochemical devices as well as fuel
cells. Diamond, allotrope of graphite, is insulator of which electrical
resistivity is higher than 1010 Ω∙cm, while the diamond is
electrochemically inert like graphite.
Carbon thin films can exhibit a variety of characteristics between
graphite and diamond according to their sp3 and sp2 content. For
example, tetrahedral amorphous carbon (ta-C) film produced by
filtered cathodic vacuum arc (FCVA) shows as high hardness as
diamond because it has large fraction of C-C sp3 bond [45, 46].
However, ta-C film is insulator. On the opposite side, highly
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conductive graphene layer can be made by chemical vapor deposition
(CVD). Thus, the properties of carbon film are able to be controlled
by choosing an appropriate coating process for the applications. In
case of the bipolar plate, a criterion for the choice of coating method
is whether the method can provide high electrical conductivity or not.
Generally sputtered carbon is classified to have high sp2 content
(figure 3-2-2). And Cuomo et al [47] reported that the carbon film
deposited by ion beam sputtering had low sp3 content and high
electrical conductivity. This result implicates the film might have high
conductivity with large amount of sp2 content. Inspired by Cuomo et
al, magnetron sputtering was chosen in this study, and inductively
coupled plasma (ICP) was applied to use the ion bombardment effect.

3.2.1 Film characterization

The thickness of the films was ca. 100 nm and decreased with
increasing bias voltage. For example, from cross-sectional TEM
images in figure 3-2-3, the films deposited at 0 V and -60 V bias
was 120 nm and 100 nm thick, respectively. The carbon coating was
not formed at < -100 V bias because of resputtering. The adhesion
property slightly deteriorated when negative bias voltage was applied.
The samples produced at -40, -60 V showed better adhesion
amongst themselves. On the other hand, all samples produced with
negative bias voltages (-20 ~ -100 V) exhibited almost identical
results in the Raman spectroscopy, XPS, and potentiodynamic/static
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tests. Therefore, only the experimental results of the sample B (-60
V) are shown except for the case of the potentiodynamic polarization
graph.
Figure 3-2-4 (a) presents the normalized Raman spectrum of
the carbon films deposited at 0 V (sample A) and -60 V (sample B).
They show the typical shape of amorphous carbon with G and D bands
at 1590 cm-1 and 1370 cm-1, respectively. The base line of the
Raman spectrum with almost zero intensity indicates that the carbon
films are hydrogen free [48]. The grain size of graphite crystallite
was evaluated from the full width at half maximum (FWHM) of the G
peaks (> 100 cm-1), and was found to be < 1 nm [49]. Amorphous
nature of carbon films could be evidenced by XRD and TEM because
no crystalline peak or pattern was found in XRD and TEM electron
diffraction analysis. The amorphous carbon film was composed of
randomly distributed C-C sp2 and C-C sp3 bonds. From the XPS
narrow scan of the C 1s peak (figure 3-2-4 (b)), the percentage of
sp3 bonds was evaluated to be approximately 30 %. This agrees with
the result of Cuomo et al [47]. Composition analysis by XPS and
SIMS depth profile revealed that ~5 at.% of oxygen existed in the
sample A, while the content of oxygen in sample B was < 2 at.%. It
seems that incident ions with higher energy (in case of sample B)
sputtered out the oxygen atoms more effectively than in sample A.
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3.2.2 Corrosion properties

The potentiodynamic polarization test results are presented in
figure 3-2-5. The corrosion potentials of carbon films are 0.23 VSCE
and 0.34 VSCE for the samples coated at 0 V bias (sample A) and at
-60 V bias (sample B), respectively. Both values are much more
positive than that of the STS 316L substrate (-0.36 VSCE),
suggesting higher corrosion resistance. The current density at 0.6
VSCE is 0.28 μA∙cm-2 for sample B, while that of sample A is still
considerably high. The corrosion current density of all carbon films
deposited at negative bias voltage including sample B, satisfies the
DOE target of 1 μA∙cm-2 at 0.6 VSCE.
The potentiodynamic polarization curves were reconstructed
with activation and concentration polarization (figure 3-2-6). All
equilibrium potentials (E0), exchange current densities (i0), and
Tafel constants (b) were arbitrarily assumed. In general, the
equilibrium potentials are thermodynamically determined and thereby
fixed parameters. Accordingly, the exchange current densities and
the Tafel constants were used as variable parameters to fit the
polarization curves of samples A and B. The exchange current
density and the Tafel slope are highly dependent on the sample
surface and the type of reaction, respectively.
The following cathodic reactions were considered:
O + 4H  + 4e → 2H O

(3)

2H  + 2e → H

(4)
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C1 is oxygen reduction reaction (ORR) expressed as equation
(3), and C2 is hydrogen evolution reaction (HER) as equation (4).
Activation polarization of ORR is dominant near the corrosion
potential, and the current is limited by oxygen diffusion at large
overpotentials (below 0.1 VSCE). The HER occurs at lower potentials.
Hydrogen bubbles on the sample surface can be easily detected at a
cathodic current density > 0.5 mA∙cm-2.
After the potentiodynamic tests, oxygen content at the sample
surface as well as the thickness of the carbon film was found to have
hardly changed. As a result, it is supposed that the A1 region is
related to the anodic dissolution of STS 316L substrate. Usually,
defects in the film, such as pinholes, micro cracks, and column
boundaries, have a large influence on the corrosion property in case
of thin hard coatings (< 10 μm), as they allow corrosive media to
penetrate the film and react with the substrate more easily [50].
At higher potentials, the polarization curve is deflected (A2).
Reactions such as oxygen evolution reaction (OER), Cr ionization
(Cr3+ to Cr6+), or pitting can be pointed out as candidates influencing
the behavior of the curve of A2. Oxygen bubbling could not be
observed despite the appearance of hydrogen bubble at lowest
potentials, and the OER appeared at higher potentials than A2 in
cyclic voltammograms in this study and literatures [51, 52].
Otherwise, the region of A2 overlapped with the transpassive region
of bare STS 316L, and the standard electrode potential of Cr
oxidation is approximately 0.85 VSCE. Through these evidences, local
corrosion of the STS 316L, i.e., pitting via Cr oxidation, seems to be
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the dominant process for A2 [51, 53]. To indicate more clearly,
potentiostatic test at 0.9 VSCE was performed, and crater-like defects
were detected by FE SEM and FIB on the carbon surface shown in
figure 3-2-7.
The results of the fitting show that the anodic and cathodic
exchange current densities of sample A are 60 times and 400 times
larger than those of sample B, respectively. Since the anodic and
cathodic exchange current densities of sample A increased by
different amounts from sample B, sample A has a higher corrosion
potential. Oxygen incorporation can alter the electronic structure of
the carbon material and enhance the electrochemical reaction rate on
the surface [54, 55]. Sample A, with its higher oxygen content, has
a greater number of electrochemically active sites and, as a result,
higher cathodic current density. The difference of anodic current
density between sample A and sample B is related to the film porosity
and discussed with EIS in the following section.

3.2.3 Potentiostatic test

Results from the potentiostatic polarization tests are shown in
figure 3-2-8. In the initial stage (inset of figure 3-2-8 (a)), the
current density of sample A is lower than that of STS 316L as
expected from the potentiodynamic polarization test. However,
sample A arrives at the saturation stage earlier than STS 316L,
resulting in current reversal at ca. 1,000 sec. This indicates that the
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passive layer of STS 316L shows better corrosion resistance than
the carbon film of sample A. In the case of sample B, the current
density is one order of magnitude lower than that of STS 316L and
is maintained at approximately 2 ´ 10-8 A∙cm-2 with little fluctuation
for 24 hours.
The log-log plot of current vs. time is presented in figure 3-28 (b). The linear behavior of STS 316L after 100 sec is well
explained by the point defect model for passive films [35]. Deviation
from the linearity earlier than 100 sec is associated with formation
of a porous passive layer. The initial shape of samples A and B is
similar to that of the STS 316L. The decrease in the slope of sample
A after 100 sec indicates that the passivation of the substrate with
the carbon coating is destroyed by the localized corrosion.
After the potentiostatic test of samples (exposed area was 18
cm2) for 10,000 sec, the corrosion solution was collected and
analyzed by ICP MS. The results are presented in table 3-1. Fe ion
is well known for its preferential dissolution upon corrosion of STS
316L [56], and this disposition is the same in all samples. Metal ions
are supposed to diffuse out through the carbon films. However, a
much smaller amount of metal ions is dissolved from the carboncoated sample. The metal ion concentrations attributable to
dissolution from sample B were larger than those for sample A
because of the buckling of the carbon coating on sample B. The
adhesion of the carbon film was somewhat low due to internal stress
accumulated during the deposition process with higher ion energy.
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3.2.4 Impedance analysis of carbon coatings

After potentiostatic test of one day, electrochemical impedance
spectroscopy (EIS) measurements performed on STS 316L and
carbon-coated STS 316L were used to compare the passive layer of
STS 316L and the carbon coatings; the pre- and post-test
characteristics of the carbon-coated STS 316L were compared. The
details of the EIS measurements are summarized in Chapter II.
An appropriate circuit model is needed to analyze the measured
impedance spectrum. In this study, conventional models, described in
figure 3-2-9 [57-59], are used to analyze the coating/substrate
system. In the case of STS 316L, the model circuit consisted of two
resistances and one capacitance; an additional resistance and
capacitance set was included in the case of the carbon-coated STS
316L. In the circuit, Re represents the electrolyte resistance
stemming from ionic diffusion; the resistances Rp and Rs are
associated with the polarization reaction on the surface of the STS
316L. Thin films exhibit, in general, ‘thru-coating’ porosity that
is composed of open structures such as voids, grain boundaries, and
uncoated areas. The electrolyte permeates these porous regions of
the film and reacts with the substrate and the resistance Rpore
indicates the ease (or difficulty) of this permeation.
Double-layer capacitances (Q) of the coating and substrate
surfaces are expressed as constant phase elements (CPEs). When
diffusion or electrochemical reactions in two or three dimensions are
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reduced to a 1D equivalent circuit model, spatially distributed
elements typically cannot be described by a lumped element and
hence, the CPE is used. The impedance of the CPE differs from that
of a simple capacitance; this difference is accounted for by including
an exponent, n, in the frequency part of the relation; i.e.,
Z =

1
1
→ Z =
jωQ
Q  (jω)

(5)

The CPE depends on the microscopic characteristics (for e.g.,
non-uniform current distribution and roughness) of the material, as
indicated in table 3-2. In this study, the CPE exhibits a dependence
on the surface morphology and porosity.
Comparing the impedance spectra of the STS 316L and its
carbon-coated counterpart (figure 3-2-10) reveals that the
modulus of sample B is slightly larger than that of STS 316L,
indicating better corrosion resistance. Owing to its stability in
corrosive environments, the modulus and phase angle of sample B
changed only slightly after the potentiostatic test compared to their
initial (pre-test) values. In contrast, the modulus of sample A, which
was lower than that of STS 316L at low frequencies, decreased after
the potentiostatic test. Therefore, the anodic current flowed more in
sample A than in sample B, as indicated in the potentiostatic
polarization curve (figure 3-2-8).
A capacitance corresponds to a phase angle of −90°. The passive
layer of STS 316L has a different resistance and capacitance from
the coated samples. In fact, STS 316L becomes resistive to
capacitive behavior at lower frequencies than those of the coated
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samples. Furthermore, the almost identical transition frequency of
the coated samples, indicates that the carbon films have similar
resistance and capacitance. At low frequencies, the phase angle of
the coated samples deviate from that of pure capacitive behavior;
however, the angle of STS 316L retains a value of ~85°. The strong
capacitive response of STS 316L results from the aforementioned
dense passive oxide layer. However, the coated samples exhibit
resistive behavior at low frequencies owing to current concentration
at their pores. This is evidenced by the slight recovery of the lowfrequency capacitance of sample B after the potentiostatic test,
whereas the capacitance of sample A changed significantly before
and after the corrosion test; capacitance recovery is indicative of
passivation beneath the pores. In the case of sample A, the high
porosity of the carbon film resulted in a resistive response prior to
corrosion; the passivation of the exposed substrate area protected
the bulk STS 316L from further degradation and generated a
capacitive response. Each peak in the Bode plot of the phase angle
and frequency represents a time constant that is associated with a
parallel resistance and capacitance circuit. The two peaks of sample
A correspond to two time constants; i.e., a high-frequency and a
low-frequency constant, which stem from the coating and substrate
response, respectively [58].
Table 3-3 shows the parameters fitted to the EIS spectrum. The
electrolyte exhibited an approximate resistance, Re, of 10 Ω∙cm2 in
all cases. In addition, after the potentiostatic test, the polarization
resistance, Rp, and double layer capacitance, Q, of STS 316L were
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similar to those reported by Wallinder et al [57] ; this similarity was
indicative of a dense passivation surface layer, as discussed in that
work. The exponent, n, is often related to the surface roughness of
the passive layer. For e.g., “n=1” and n<1 correspond to an ideal
capacitor (i.e., a smooth surface) and a rough surface, respectively.
In this work, the near-unity n value of STS 316L is indicative of the
dense passivation of this material [57, 60].
The capacitance of the dielectric layer is proportional and
inversely proportional to the respective area and thickness. As pores
increase in size, changes in the area may result from the trade-off
relation between the planar coating area and the pore wall area. The
capacitance (or capacitor area) of sample A increased after the 1
day-potentiostatic test, since the wall area of pores was exposed
owing to dissolution during corrosion. Pore enlargement may have
also resulted in a decrease in the nc of sample A. In contrast, the
capacitance and exponent of sample B, before and after the corrosion
test, were approximately the same. The Qc of both samples concurs
with the Bode plot of the phase angle. However, after corrosion, the
phase angle at high frequencies deviated from its pre-corrosion
capacitive behavior, in the case of sample A. In contrast, the phase
angle of sample B at frequencies larger than 10 Hz, changed only
slightly after the potentiostatic test.
Rpore of sample B was substantially larger than that of sample A
and hence the corrosive electrolyte penetrated the pores more easily
in the latter than in the former. The polarization resistance, Rs, of the
exposed substrate was also two orders of magnitude larger in sample
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B than in sample A; this indicated that the substrate area exposed to
the electrolyte of sample B was significantly smaller than that of
sample A. The carbon coating of sample B was therefore less porous
than sample A, which in turn resulted in a lower corrosion current
density in both the potentiodynamic and potentiostatic polarization
tests. In addition, the ratio of the Rs of samples A and B is very similar
to that of the anodic exchange current densities (see section 3.2.2.).
The electrochemical porosity of an inert coating on a corrodible
substrate has been defined via the critical peak current density
(CPCD) [61, 62], anodic current density [63, 64], polarization
resistance [64-67], and EIS modeling parameters [58, 59, 64]. In
this study, the anodic exchange current density and Rs ratios were
very similar. The porosity is therefore a useful and appropriate tool
for analyzing the electrochemical properties of carbon-coated STS
316L bipolar plates.
Significant pore enlargement resulted in a substantial increase in
the Q0s of sample A after the corrosion test. This result is consistent
with the capacitive response observed in the Bode plot of the phase
angles at low frequencies. The post-corrosion Rs and Q0s values of
sample B may have resulted from the passivation of STS 316L at the
pores. The already low porosity of sample B varied only slightly,
however, with this passivation. In fact, the fitting parameters before
and after the 1 day-potentiostatic polarization test of sample B were
almost identical, indicating that the coating was stable under this
cathodic environment of the PEMFC.
Figure 3-2-12 summarizes the corrosion mechanism of an inert
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coating system; i.e., substrate dissolution via “thru-pore” is
followed by pore enlargement and as the open area increases, a
passive layer forms on the exposed substrate region.

3.2.5 Limitations

Carbon films were often buckled and delaminated after deposition
process or corrosion test, especially for the film with higher bias
voltages. Bamboo-like delamination along the rolling direction of
STS 316L was found in sample B after potentiodynamic test (figure
3-2-11). Sample B itself showed superior corrosion resistance to
sample A owing to its less porosity. However, the adhesion of sample
B was poor. Once the part of film is separated from the substrate,
crevice corrosion may occur. Buckling in sample A after corrosion
test under severe condition was shown in figure 3-2-11, while the
grain boundary of STS 316L substrate was clearly seen by local
corrosion. The amount of dissolved ions from sample B after
potentiostatic test was detected more than that of sample A due to
the buckling. Thereby, the adhesion has not only a mechanical aspect,
but also an electrochemical importance. Residual stress is well known
cause for the adhesion failure of diamond-like carbon coatings [20].
It will be discussed in the next section, and a solution by interlayer
is investigated.
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Table 3-1. Total charge densities and ion concentrations for bare
STS 316L and carbon films after the 10,000 sec potentiostatic
polarization test.
Ion concentration (μg/L)

Charge density

Sample

(mC/cm2)

Fe

Cr

Ni

STS 316L

6.46

107.32

5.77

5.34

sample A

4.59

21.92

0.86

1.27

sample B

1.18

56.31

1.94

2.47

Table 3-2. Possible causes of CPE [60].
distribution of relaxation time
τ = τ∗ exp(E ∗ ⁄kT)
distribution of activation energy
non-uniform
current distribution

frequency dependent ionic conductivity
σ = σ + Aω
grain boundary conductivity
surface defects
all inhomogeneities position-by-position

roughness,
leaky capacitor

fractal surface morphology
transmission line model of grain boundary
grooves, pores, etc.
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Table 3-3. EIS fitting parameters.
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Figure 3-2-1. Potential-pH diagram of the system C-O-H [68].
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Figure 3-2-2. Ternary phase diagram of bonding in amorphous
carbon-hydrogen alloys [69].
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Figure 3-2-3. Cross-sectional TEM of carbon films deposited with
0 V bias (a) and -60 V bias (b).
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Figure 3-2-4. Raman spectra at different substrate bias voltages
(a), and XPS C1s peak with the fitted result (b).
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Figure 3-2-5. Potentiodynamic polarization curves of bare STS
316L substrate (line), sample A (line with solid circles), sample B
(line with open squares), and other samples.
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Figure 3-2-6. Conceptual simulation for potentiodynamic
polarization. Two cathodic reactions (a), two anodic reactions (b),
and summation of both cathodic and anodic reactions (C).
Comparison with experimental data of sample A (exp.) with
simulated line (sim.) is represented in (d). C1, C2, A1, and A2 are
described in manuscript. C_tot and A_tot are summation of C1, C2
and A1, A2, respectively. C1_limited represents the diffusionlimited current of C1 reaction.
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Figure 3-2-7. FIB inspection of localized corrosion crater after the
60 min potentiostatic test at 0.9 VSCE (a-c). (d) is FE-SEM image.
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Figure 3-2-8. Potentiostatic polarization curves of the bare STS
316L substrate (line), sample A (line with solid circles), and sample
B (line with open squares). The initial stage from 0 to 1,000 sec is
enlarged in the inset. (a) log-linear scale; (b) log-log scale.
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Re : resistance of electrolyte
Rpore : resistance of electrolyte through pore of the coating
Rp, Rs : polarization resistance of the exposed substrate
Qc : double layer capacitance of the coating
Q, Qs : double layer capacitance of the exposed substrate

Figure 3-2-9. Circuit model of STS 316L (upper) and carbon
coated STS 316L (lower) for EIS analysis.
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Figure 3-2-10. EIS results of carbon coated STS 316L before and
after potentiostatic test of one day. Modulus, Z is arranged in (a),
and phase of the impedance is in (b). Symbol represents the
experimental data while the overlapped line is corresponding
simulation by using circuit models.
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Figure 3-2-11. Buckling images of carbon coating after corrosion
test. Sample A after 5000 sec potentiostatic test at 1 VSCE (a, b).
Sample B after potentiodynamic test (c, d).
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Figure 3-2-12. Summarized corrosion mechanism of inert coating
system.
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3.3 Interlayer Effect on Carbon Coating
The carbon film deposited with energetic particles is well known
to have high compressive residual stress, which results in severe
adhesion problem especially in thick tribological applications.
Morshed et al [21] reported that the adhesion of carbon film was
inversely proportional to the amount of its residual stress. Corrosion
resistance of coating is also affected by adhesion, i.e. the film with
poorer adhesion strength showed lower corrosion resistance [70].
Thereby, it is important to reduce the residual stress and to enhance
the coating adhesion for obtaining useful anti-corrosion coatings. For
this purpose various methods have been examined such as metal
nanoparticle incorporation into the carbon film [71], nitrogen or metal
doping [72-75], ion irradiation to the film [25], post-deposition
annealing treatment [76], making interfacial intermixing layer [77],
substrate surface activation by ion irradiation [78], and interlayer
insertion [26, 79]. Among them interlayer insertion is simple and
effective way. Even in the case that interlayer did not reduce the
residual stress of the film, the layer could anchor large residual
stress. In this study, titanium interlayer was applied and investigated.

3.3.1 Residual stress and adhesion

Residual stress developed in thin films has three contributions,
namely thermal stress, σth, intrinsic stress, σi, and extrinsic stress,
σe, expressed as follows:
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σ = σ + σ + σ

(1)

It was hard to separate each component quantitatively. Instead,
semi-quantitative analysis was performed and discussed.
Thermal stress arises from two differences. One is the difference
of coefficients of thermal expansion (CTEs) between the coating and
the substrate, and the other is the difference of sample temperatures
during coating process.
σ = 

E
E
 (α − α )T − T  = 
 ΔαΔT
1 − ν
1 − ν

(2)

,where Ef, νf, αf, αs, TRT, and Tdep are Young’s modulus,
Poisson ratio of film, CTE of film, CTE of substrate, and room
temperature, and deposition temperature, respectively. In many
cases of carbon deposition, thermal contribution is not considerable
due to low deposition temperature, i.e. ΔTà0. Although the
substrate temperature in ICP sputtering with substrate bias could rise
up to several hundred ℃ owing to high ion flux, Calculated thermal
stress ranges from several tens to hundreds MPa. For example,
assuming that biaxial elastic modulus of carbon film is 50 GPa, CTE
difference between carbon and STS 316L is 10 ppm/K [80], and
temperature difference is 100 ℃, the thermal stress results in 50
MPa compressively. This value is similar to Chung et al [81].
Furthermore, if process time became shorter for thinner carbon films,
the contribution of thermal stress would decrease to ignorable level.
Second part of residual stress is intrinsic term originated from lattice
defects. This is especially important for the film deposited with
energetic ion beams. According to the forward sputtering theory
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proposed by Windischmann [82], three major assumptions attributed
to the compressive stress in amorphous or polycrystalline thin film
were concerned. First, energetic particles strike growing adatoms
and surface atoms in several monolayers. This atomic displacement
through collision cascade results in volumetric distortion. Second,
defect mobility is low enough to freeze the distortion. Finally, the
volumetric

distortion

makes

compressive

stress,

which

is

proportional to the particle flux and square root of particle energy.
Davis [83] modified the Windischmann model at higher incident
energy, because stress reduction often occurred in experiments.
High energy particles impacting the surface induce local and intense
heating of lattice vibration, called thermal spike. This thermal energy
can make atoms to move toward more stable positions, restoring
volumetric distortion. Therefore, compressive stress of films with
energetic deposition results from competing process between
volumetric distortion and thermal spike effect.
σ ∝ Γ E
σ ∝

E

Γ
Γ + k  (E ) 


(3)
(4)

Equation (3) is proportional relationship between incident
energetic particle and compressive residual stress derived from
Windischmann, and equation (4) from Davis model. ΓC, Γi, Ei, and ka
represents carbon deposition flux, ion flux to the substrate, ion
energy, and fitting parameter, respectively. Basically, compressive
intrinsic stress is proportional to the ion flux and energy. In this study,
sample B deposited with –60 V bias had poorer adhesion strength
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than sample A due to larger ion energy and stress.
Effects of each component are shown in figure 3-3-1. The ka
value is related to the thermal spike effect by ion energy. For small
ka, volume distortion can increase to more degree and larger
compressive stress is accumulated in the film. This is a fitting
parameter that depends on the coating material system, and physical
meaning is not definite. Flux ratio is measurable value and
comparable to other coating processes. For example, ΓC/Γi of
conventional magnetron sputtering (MS) was approximately 100 at –
50 V bias and 2 Pa pressure, and that of unbalance magnetron
sputtering (UBMS) was less than 1 at –50 V bias and 0.25 Pa
pressure [84]. Therefore, the compressive stress of UBMS rapidly
increased at low ion energy regime while the effect of thermal spike
appeared earlier than MS. In case of ICP sputtering, the ΓC/Γi is
about 0.05 which is much smaller than that of UBMS. Compressive
stress would be more severe in this study. However, at larger bias
voltages, the film was resputtered and stress reduction by thermal
spike could not be confirmed.
Last term of stress generation is extrinsic contribution. When
carbon coated sample was brought out from the chamber after
deposition, sometimes buckling began after a while. Water molecules
absorbed in pores of thin film could increase compressive stress due
to dipole attraction. The amount of extrinsic compressive stress was
measured to c.a. 100 MPa in porous SiO2 [85]. This is not large as
intrinsic stress. But since the bipolar plate is placed in humid
environment, the compressive stress of as-deposited film should be
６６

managed under marginal level.
It is necessary to evaluate the real stress value of the sample.
Various methods have been used to determine the magnitude of
residual film stress, such as curvature method, XRD peak shift, and
Raman G peak shift [20]. Curvature method uses Stoney equation
expressed as follows:
σ=


 1
1
   − .
6(1 −  )   

(5)

However, it was hard to measure the curvature of STS 316L
substrate with 0.1 mm thickness, because the substrate was too
flexible. XRD peak of substrate can be shifted due to film stress. In
order to ensure that the shift is closely affected by film stress,
glancing angle XRD was utilized to focus uppermost layer of the
substrate [86].
In this study, Raman shift was applied owing to its easiness. If a
carbon film is subjected to compressive stress, the bond lengths
decrease, the force constants increase, and the atomic vibrational
frequencies increase. As a result, G peak position in Raman spectra
moves to higher wave number. The amount of peak shift can be
correlated with the magnitude of residual stress as follows [87]:
σ = 2G 

1 −  Δ
 
1 +  

(6)

, where Gf and νf are the shear modulus and Poisson’s ratio of
the film, respectively; Δω is a shift in Raman wave number, and ω0
the wave number of reference.
The modulus and Poisson’s ratio of carbon film varies a lot
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according to film properties. For example, Cho et al [88] quoted from
literatures that elastic modulus, E, of DLC ranged from 90 to 220 GPa
and Poisson’s ratio from 0.22 to 0.39. The value of E is usually
dependent on sp2 concentration. Marques et al [80] reported the
relationship between the E and sp2 concentration of hydrogenated
amorphous carbon film, in which the E value decreased from 120 to
40 GPa as sp2 increased. Coating process could alter the
characteristics of carbon film, and the elastic modulus of carbon film
with several coating methods changed 140 to 300 GPa [89]. Hence,
it seems ambiguous to calculate the residual stress from equation (6).
Instead, lower and upper limit values could be defined from Ager et
al [90]. They found that delaminated films were relieved their
compressive stress and became almost stress-free. They also
calculated the Raman shifts for disordered diamond and graphite
materials under biaxial stress, which were -1.6 cm-1 per GPa and 4.9 cm-1 per GPa, respectively.
Figure 3-3-2 presents a deconvolution of Raman spectrum and
G peak positions across the buckled and adhered area. Assuming the
top of buckled area is almost stress-free and applying Ager’s result,
the maximum compressive residual stress of this film was 5.3 GPa
and minimum 1.7 GPa. This level of stress is comparable to other
sputtered carbon films. 2 GPa was reported by Gupta et al [89], and
3 GPa by Pauleau [85]. Especially, when carbon film produced with
UBMS had more than 2.5 GPa of compressive stress, the film was not
adherent to Si substrate [85]. Considering the similarity of ion
bombardment between Pauleau [85] and this study, large amount of
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compressive stress by energetic argon ion bombardment could
induce adhesion failure.
Poor adhesion strength was found by scratch test as well as
buckling phenomenon. Figure 3-3-3 is FE-SEM images of sample
A after scratch test. Even in little scratch load (figure 3-3-3 (a))
the film under diamond tip was crushed to pieces. As the scratch tip
proceeded, the film at several tens of micrometer outside the track
was broken and delaminated (figure 3-3-3 (b)). To obtain an
adhesion value, nano-scratch test was tried. Small amount of normal
force (up to 500 mN) can be applied to the sample in the nanoscratch test. Scratch track was captured by FE-SEM and shown in
figure 3-3-4. The scratch adhesion was around 110 mN for carbon
film alone.

3.3.2 Nature of titanium interlayer

Titanium has been widely used for reducing the residual stress
in thin carbon films. From the research of Wei et al [24], titanium
doping in DLC deposited by a sequential pulsed laser ablation reduced
the compressive stress, promoting the wear resistance. Wang et al
[30] systematically examined the internal stress in DLC films
produced by hybrid deposition, named DC-PECVD. They showed
that the intrinsic stress can be released through titanium doping at
the expense of the decrease of sp3/sp2 ratio and the thermal stress
through utilizing titanium interlayer. Compressive stress of 9 GPa in
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DLC films decreased to 6 GPa regardless of the titanium interlayer
thickness from 50 to 200 nm. Coefficient of thermal expansion (CTE)
of titanium can balance the mismatch of the CTE between the carbon
and the steel. CTE of titanium, amorphous carbon, and steel is 8.6,
2.3, and 11.7 x 10-6 K-1, respectively [91]. Even in the case that the
amorphous carbon film has similar CTE to the steel and/or the CTE
role of titanium is not critical, titanium could enhance the adhesion of
carbon film. Bond energy between titanium and carbon is 423 kJ∙mol1

and larger than that between iron and carbon, 373 kJ∙mol-1.

Therefore, titanium interlayer anchors the compressively stressed
carbon film.
In corrosion aspect, titanium itself has a good corrosion
resistance particularly in case of local corrosion due to formation of
TiO2 as mentioned in the ICR section. TiN coating on STS 304
substrate was investigated by Massiani et al [92] with or without
titanium interlayer. They presented an extraordinary drop in
corrosion current density from 6367 μA∙cm-2 to 11 μA∙cm-2 in
sulfuric acid by applying TiN with titanium interlayer on the STS 304.
They also found that the pitting potential increased in 0.5 M NaCl
solution from 360 mVSCE for STS 304 to 470 and 1190 mVSCE for TiN
coated and TiN with Ti interlayer coated STS 304, respectively. This
high pitting potential was attributed to the passivation ability of
titanium interlayer.
In this study, titanium interlayer was applied between carbon
coating and STS 316L substrate by conventional magnetron
sputtering with negative bias voltage of 60 V. The DC sputtering
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power varied from 100 to 400 W, and the thickness of titanium
interlayer 35, 70, and 100 nm. Carbon and titanium bilayer systems
are named as CTi000-00, where the first three digit number means
titanium sputtering power and the second number is its thickness.
The other bilayer or titanium coating will be specified in case by case.
Deposition rate and XRD pattern of titanium coating is presented in
figure 3-3-5. The deposition rate increased linearly with target
power, and it was almost ten times larger at 400 W than at 100 W.
Majority crystal phase in the film was body centered cubic (BCC)
beta titanium, while small alpha phase could be seen in the film
deposited with 400 W. RBS analysis indicated that the titanium films
with various target power had density packing factor more than 90 %,
i.e. measured mass densities all exceeded 4 g∙cm-3. FE-SEM images
of the film deposited with 400 W on different substrates are shown
in figure 3-3-6. Fine grained morphology was revealed on Si wafer,
while there seemed bumpy regions on STS 316L that were originated
from the substrate features. The surface roughness of STS 316L
substrate could cause discontinuities of coating materials such as
titanium interlayer and carbon film, and deteriorate the corrosion
resistance of coated bipolar plate.
Potentiodynamic polarization curve of various titanium single
layers is summarized in figure 3-3-7. Corrosion current density
flowed much larger in the titanium film deposited with 100 W than
that with 400 W. Grain growth seemed relatively coarser for the film
with 100 W, because sputtered atoms had lower energy at lower
target power. FE-SEM image of 100 W titanium film showed larger
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surface area than that of 400 W film in figure 3-3-8. Therefore,
more passivation current is expected in the film with larger surface
area. This is also seen in the film with different deposition time, the
current density of 400W-60min film was higher than that of the film
with 400W and 30 min (figure 3-3-7 (a)). Generally, thin film
density increases with substrate bias voltages. Lower current
density of biased titanium sample was attributed to the ion
bombardment effect.
Two distinct features in the potentiodynamic curve of titanium
film should be noted. One is higher pitting potential than that of STS
316L due to oxide formation. The titanium oxide is stable at higher
than 1 VSCE, while Cr dissolution from the STS 316L results in pitting
around 0.8 VSCE. The other is the relationship between the pitting of
the substrate and the film porosity. Thicker titanium film has vertical
potentiodynamic curve at higher potentials, while the curve of thinner
film leant to larger current density. Although thinner film had smaller
surface area that resulted in lower passivation current, it had more
porosity through which Cr dissolution from the substrate occurred.
This behavior was also confirmed by cyclic voltammetry (CV) of
titanium films.
CV plot of titanium coated and bare STS 316L bipolar plate is
presented in figure 3-3-9. In (a) of figure 3-3-9, CV was measured
by slow scan rate of 1 mV∙s-1. Therefore, Cr dissolution through
titanium layer is clearly seen at 0.9 VSCE. Secondary passivation was
occurred at lower potentials for titanium coated STS 316L than bare
STS 316L, followed by beginning of oxygen evolution reaction (OER).
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Scan rate of 50 mV∙s-1 was used for CV in (b-d) of figure 3-3-9,
in which stabilization via passivation is found. When number of CV
test increased, the current density decreased due to the passivation.
It is noted that thinner titanium in (c) showed distinguishable current
increase at 0.9 VSCE, indicating the Cr dissolution through pores was
easier than thicker film in (d).
Finally, adhesion enhancement by titanium interlayer is briefly
evaluated. Following equation represents the critical compressive
stress value for delamination of the film [20]:
E γ
t

σ = 

(7)

, where γd is the work of adhesion. Hence, titanium interlayer
could improve the adhesion of carbon overcoat by increasing the γd.
Furthermore, the thickness of carbon film was lowered for the
carbon-titanium bilayer coating system. Scratch results are shown
in figure 3-3-10. CTi100-100 sample (The tf of carbon was 15 nm.
Thickness of titanium 100 nm deposited with 100 W) had poorer
adhesion than CTi400-35 (tf 15 nm, titanium 35 nm with 400 W).
However, degree of buckling in CTi100-100 was much smaller than
a single carbon layers, sample A and B. No large sized fractures were
found in CTi400-35 around the scratch track. Therefore, the
adhesion of the bilayer system made up of titanium interlayer and
thin carbon overcoat for bipolar plate was successfully enhanced.
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3.3.3 Corrosion property of bilayer coating

The results of the potentiodynamic polarization tests of the STS
316L bipolar plate coated with various carbon-titanium bilayer
combinations are summarized in figure 3-3-11. The names refer to
the titanium deposition power and thickness; the carbon overcoat of
all the samples is produced under the same conditions (carbon
sputtering power: 400 W, carbon thickness: 15 nm, deposition with
ICP and 60 V bias). The current density of CTi100-70 and CTi100100 was larger than that (10 μA∙cm-2) of the STS 316L substrate,
owing to poor adhesion. In fact, coatings buckled or peeled-off when
the corrosion current density of the coated sample exceeded those
of their substrates. Cross-sectional views of such samples, as
investigated by FIB, are shown in figure 3-3-12 (a-b). As the
figure shows, the carbon film buckled, whereas the adhesion between
the titanium interlayer and substrate remained intact. Titanium was
deposited at a high sputtering power, and as such, the current density
tended to decrease. Sputtering theory stipulates that the incident
energy to the substrate of the deposited material is proportional to
the target power or target voltage [93, 94]. Therefore, high target
power should produce dense films, which have high corrosion
resistance. The three C/Ti bilayer coatings consisting of a titanium
interlayer deposited at 400 W all satisfied the DOE target of 1
μA∙cm-2, regardless of the thickness of the titanium. Moreover, as
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figure 3-3-12 (c-d) shows, bilayer-coated samples with low
corrosion current density exhibited stable interfaces even after long
potentiostatic polarization tests. Figure 3-3-12 (e-f) shows a local
corrosion region, where a bumpy (i.e., rough) substrate surface
results in a discontinuous coating. Despite these discontinuities,
however, crack propagation between interfaces or film delamination
stemming from local corrosion did not occur in the films (figure 33-12 (e-f)). In contrast, the pores may become passivated during
their growth. The XPS depth profile of the CTi400-100 before and
after the potentiostatic test (figure 3-3-13) revealed that the
oxygen content at the interface between the carbon overcoat and
titanium interlayer increased after the corrosion test; this increase
indicated that titanium oxide formed (i.e., the pores became
passivated).
Cyclic voltammograms of the carbon single layer and C/Ti bilayer
are shown in figure 3-3-14 (a-b); the inset shows the current
density at 0.6 VSCE vs. the number of the CV test. The oxidation peak
of the C/Ti sample occurs at ~0.65 VSCE. This peak resulted possibly
from the oxidation of titanium owing to electrolyte penetration
through the carbon overcoat, as previously observed from the XPS
results. Furthermore, the current density of the carbon-coated STS
316L and C/Ti bilayer increased substantially, and saturated,
respectively, with repeated CV testing. The loss of corrosion
resistance resulted possibly from coating degradation at high
potentials, especially in the case of the carbon single layer. A
potentiostatic polarization test was performed at 1.2 VSCE in order to
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evaluate the degradation behavior at high potentials; the resulting
surface morphology is shown in figure 3-3-15. Local corrosion at
grain boundaries as well as general corrosion occurred in the STS
316L (figure 3-3-15 (a-b)). The carbon single layer of sample A
and B fractured even in non-grain boundary or non-bumpy regions.
Therefore, degradation of carbon-coated STS 316L is inevitable at
high potentials. However, the C/Ti bilayer fractured only at open
pores that originated from the coating discontinuities; these pits can
be passivated and stabilized at lower potentials.

3.3.4 Suggestions for future work

Only some of the C/Ti bilayer coatings were well adhered to the
substrate and the carbon overcoat was frequently delaminated after
unloading from the process chamber, or after the corrosion test.
Although the titanium interlayer enhanced the adhesion strength by
anchoring the carbon overcoat, the residual stress in the carbon must
still be reduced. When the PEMFC is operated at high potentials,
weak adhesion can induce coating failures, resulting in degradation of
the PEMFC. Reducing the stress in the carbon coating and
strengthening the adhesion is therefore essential.
The following suggestions are proposed for future work:
1. The stress in the carbon coating can be further reduced by doping
with nitrogen or metals.
2. Other coating processes that exhibit higher carbon flux than that
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of the Ar-ion flux should be considered.
3. Interfacial intermixing can improve the adhesion strength.
4. Impurities such as oxygen, water vapor, and hydrocarbon species
deteriorate the adhesion. As such, the effect of impurities in the
process chamber should be evaluated in detail.
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Figure 3-3-1. Davis model of stress development mechanism. Two
parameters are changed. A ka is fitting parameter related to incident
energy (a), and a flux ratio is the ratio between depositing carbon
flux and discharge argon ion flux (b).
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Figure 3-3-2. Deconvolution example of Raman spectrum with 4
peaks (a), and G peak shift across the boundary of buckled area
(b).
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Figure 3-3-3. FE-SEM images of sample A around scratch track.
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Figure 3-3-4. Nano-scratch track of carbon film.
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Figure 3-3-5. Deposition rate of titanium film vs. target power (a),
and XRD pattern of titanium coated STS 316L as well as bare STS
316L. PDF 01-089-3726 and PDF 00-044-1294 were used for
phase identification.
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Figure 3-3-6. Titanium coated on STS 316L (a-b), and on Si
wafer (c-d).
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Figure 3-3-7. Potentiodynamic polarization of titanium coated STS
316L with various power, deposition time, and bias voltages.
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Figure 3-3-8. FE-SEM images of titanium deposited with target
power of 400 W (upper) and 100 W (lower).
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Figure 3-3-9. Cyclic voltammograms of bare and titanium coated
STS 316L. Slow scan of rate 1 mV/s is in (a), while 50 mV/s was
used in (b-d).
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Figure 3-3-10. FE-SEM images of CTi100-100 around scratch
track (a-b), and that of CTi400-35 (c-d).
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Figure 3-3-11. Current density of C/Ti bilayer coating at 0.6 VSCE
is plotted against titanium deposition power as well as titanium
interlayer thickness.
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Figure 3-3-12. FIB inspection of C/Ti bilayer coated STS 316L.
Buckled area of CTi100-300 after potentiodynamic test (a-b), and
valley region of CTi400-130 after 6 days potentiostatic test (c-f).
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Figure 3-3-13. XPS depth profile of CTi400-100 before (a) and
after (b) potentiostatic test at 0.6 VSCE during 10,000 sec.
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Figure 3-3-14. CV plot of single carbon coating (a), and C-Ti
bilayer coating (b). Inset graph in (a) is current density of both
samples at 0.6 VSCE as number of CV test. Scan rate was 50 mV/s.
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Figure 3-3-15. FE-SEM images of various samples after
potentiostatic polarization test of 10 min at 1.2 VSCE. (a-b) STS
316L; (c-d) carbon film of sample A; (e-f) carbon film of sample
B; (g-h) bilayer of CTi400-100.
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IV. CONCLUSION
Carbon based coating was applied to improve the electrical and
electrochemical properties of STS 316L bipolar plate. In order to
obtain conductive amorphous carbon films and control the film
properties, ICP-enhanced DC magnetron sputtering was used. Upon
application of more negative bias voltages on the substrate, the
surface roughness increased, and as a result, the ICR value
decreased. The ICR values of all coated samples satisfied the DOE
target that requires lower than 20 mΩ∙cm2. After the potentiostatic
polarization, the surface content of carbon films barely changed as
well as the ICR values. The corrosion current density of carbon film
deposited with 0 V bias was larger than DOE target of 1 μA∙cm-2.
Otherwise, the other carbon films with negative bias voltages showed
lower than 1 μA∙cm-2, and the lowest value was 0.28 μA∙cm-2 when
the carbon was coated at -60 V bias. The potentiodynamic
polarization results were analyzed by activation and concentration
polarization fitting. It was found that the carbon coating produced at
0 V bias had higher oxygen content which is known for high catalytic
effect on the cathodic reactions, such as ORR and HER. And this
resulted in higher cathodic current density. The carbon film deposited
at -60 V bias showed extremely lower anodic current density owing
to the fewer ‘thru-coating’ porosity. The EIS analysis with
equivalent circuit model also revealed the porosity corrosion
mechanism. Impedance spectra measured before and after the
potentiostatic polarization were compared. STS 316L bipolar plate
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could be modeled with one parallel pair of resistance and CPE.
However, the carbon coated samples needed one more parallel pair
that is related with the inert film and thru-coating porosity. The
spectrum of carbon film with -60 V bias barely changed after
corrosion test, and it reflects its low anodic current density. In case
of the carbon film with 0 V bias, the capacitive behavior at low
frequencies became resistive one due to pore enlargement.
Therefore, the substrate bias could reduce the coating porosity and
improve the corrosion resistance.
The adhesion of carbon film was not enough to protect the STS
316L bipolar plate. Poor mechanical adhesion leads the coated sample
to lose electrochemical stability. When the carbon film grew with high
substrate bias, it stored large amount of elastic energy. The stored
energy was released under scratch test by film buckling and
delamination. In this study, titanium interlayer was inserted between
STS 316L substrate and carbon overcoat.
The mechanical adhesion was improved by Ti interlayer so that
noticeable buckling of C/Ti bilayer coated STS 316L was not found
in the scratch test. Ti interlayer could balance the thermal expansion
coefficients between the substrate and carbon film, and anchor the
overcoat due to its higher bond energy with carbon. The ICR value of
C/Ti bilayer coating satisfied the DOE target. Dominant term that
affects the ICR value is the quality of interfacial contact between the
GDL and bipolar plate. Bulk conductivity of Ti, however, is extremely
low and has no significant role in the ICR. Although columnar
structure of Ti interlayer made the carbon overcoat to have more
９４

open structure, the corrosion resistance of C/Ti bilayer coating still
fulfilled the DOE target. Especially, ‘high potential stability’
increased substantially. When high potentials larger than 0.8 VSCE was
applied to the sample during potentiostatic polarization test, pitting
corrosion by Cr ionization occurred in STS 316L bipolar plate. This
pitting deteriorated the adhesion of carbon single layer coating and
cracks propagated along the interface between the carbon and the
substrate. However, passive oxide state of Ti could endure at those
high potentials, and the C/Ti bilayer coating was able to exhibit high
potential stability.
Carbon coating on STS 316L shows low enough contact
resistance and corrosion current density for the bipolar plate
application. And Ti interlayer can improve the adhesion of carbon
coating as well as high potential stability.
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국문초록
고분자 전해질 연료전지는 높은 출력밀도, 빠른 응답속도, 낮은
동작 온도를 특징으로 하는 연료전지의 한 종류이다. 이러한 특징은
자동차나 휴대용 전기기기의 전원으로 사용하기에 적합하기 때문에 관련
연구가 활발하게 진행되어 왔다. 특히, 출력밀도를 높이기 위한 방법의
하나로

연료전지를

중요하다.

그

사용하였는데,

구성하는

중에서

부품을

분리판은

그래파이트는

가볍고

전통적으로

취성이

큰

얇게

만드는

그래파이트

재료이기

때문에

기술이
소재를
얇게

가공하는데 한계가 있다. 따라서 그래파이트를 대체하는, 얇고 가벼운
분리판을 제조하기 위해 금속 분리판이 많이 연구되고 있다. 금속
분리판은 연료전지가 동작하는 산성 환경에서 부동태 산화막을 만드는데,
이로 인해 접촉저항이 기준을 훨씬 상회하는 높은 값을 보이면서
연료전지 성능을 저하시킨다. 본 연구에서는 STS 316L에 탄소를
코팅하여 상용화 성능을 만족하는 금속 분리판을 제조하고, 접촉저항과
내식성 향상의 기제를 연구하였다.
탄소 박막은 다이아몬드의 고내식-고저항과 그래파이트의 고내식고전도 사이에서 다양한 특성을 보인다. sp2 결합이 많고 전도성이 높은
탄소 박막을 증착하기 위해 직류 마그네트론 스퍼터링을 사용하였고,
특성 제어를 위해 고밀도 플라즈마를 발생시키는 유도결합 플라즈마를
기판 바이어스와 함께 사용하였다.
모든

탄소

박막은

기판

바이어스의

크기와

상관없이

미국

에너지성에서 제시하는 접촉저항 기준을 만족하였다. 또한, 정전위 분극
실험 이후에도 표면 결합의 변화가 거의 없이 낮은 접촉저항 값을
유지하였다. 증착할 때 기판 바이어스를 크게 할수록 탄소 박막의
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접촉저항은 낮아지는 경향을 보였다. 이는 증착 입자가 높은 에너지를
가질 때에 박막이 좀 더 거친 표면으로 성장하고, 그 결과로 가스
확산층과의 접촉 면적이 넓어지기 때문이다. 0 V 바이어스로 증착한
탄소 박막은 기판 보다는 내식성이 향상되었으나 1 μA∙cm-2의 미국
에너지성

기준은

달성하지

못하였다.

반면에

바이어스를

인가하여

증착한 시편은 모두 1 μA∙cm-2 이하의 낮은 전류 밀도를 보였으며,
가장 낮은 전류 밀도는 0.28 μA∙cm-2를 기록하였다. 0 V와 -60 V
시편을 비교한 결과, 음극 전류 밀도의 차이는 박막 내에 함유된 산소의
함량 차이에 의한 음극 반응의 촉매 효과 차이에 기인한 것으로 보인다.
양극 전류 밀도의 차이는 전기화학적 공극률 개념으로 설명이 가능한데,
EIS 분석을 통해 증명할 수 있었다. 탄소 박막 자체는 연료전지
환경에서 부식 반응이 거의 일어나지 않는다. 따라서 양극 전류는
박막을 통과하여 기판에 도달한 부식 용액이 기판과 반응함으로써
일어나는 것인데, 이렇게 부식 용액이 기판에 도달하도록 열려있는
박막의

구조를

전기화학적

공극률로

정의한다.

등가회로

모델로

박막/기판 시스템의 임피던스를 해석한 결과, 0 V 바이어스로 증착한
탄소 박막은 -60 V 바이어스로 증착한 탄소 박막에 비해 공극률이
높은 것으로 확인이 되었다. 또한, 정전압 분극 실험을 하루 동안
실시한 이후에 측정한 임피던스의 경우에, -60 V 시편은 분극 실험
전후로 임피던스의 변화가 거의 없었다. 반면에 0 V 시편은 낮은 주파수
영역에서 전기 용량성 거동에서 저항성 거동으로 변하는 것을 볼 수
있었다. 이는 0 V 시편의 공극률이 부식 실험 후에 증가하여 부식
용액이 기판과 반응하는 면적이 더 넓어졌음을 의미한다. 즉, -60 V
시편의 우수한 내식성은 낮은 공극률 덕분임을 알 수 있었다.
한편, 라만 분석에 의하면 탄소 단일막은 증착 과정에서 높은 내부
응력을 가지고 있었다. 스크래치 실험에서 보인 바와 같이 박막의 내부
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응력은 버클링과 같은 박막의 파괴로 해소되는 경향이 있다. 또한, 낮은
기계적 접착력은 높은 전위에서 부식 실험을 할 때 문제를 야기하였다.
즉, 0.8 VSCE 이상에서 정전위 분극 실험을 할 경우에, 크롬의 산화에
의한

국부

부식이

발생하고

여기서부터

크랙이

확대되는

현상이

일어나는 것이다. 탄소 단일막의 기계적 접착력을 향상시키기 위하여
티타늄 중간층을 삽입하였다. 티타늄은 기판에 비해 탄소와의 결합
에너지가 크기 때문에 박막을 붙잡는 효과가 있고, 열팽창 계수도
기판과 탄소 박막의 중간값으로 열응력을 완화시키는 효과가 있다. 또한,
티타늄의 부동태 산화막은 고전위 부식 조건에서도 파괴되지 않았다.
티타늄을 중간층으로 삽입한 탄소/티타늄/STS 316L 시편은 접촉저항과
내식성 모두 에너지성의 기준을 만족하였다. 접촉저항은 표면의 특성에
크게 의존하기 때문에 고전도성 티타늄 중간층의 영향은 거의 없었다.
내식성의 경우, 티타늄이 주상정으로 성장하기 때문에 탄소 박막의
공극률이 증가하면서 부식 전류가 탄소 단일막에 비해 다소 증가하기도
하였다.

그러나

티타늄

부동태화의

효과로

고전위

부식

안정성은

향상되었다. 연료전지가 때때로 고전위 운전을 하기 때문에 이러한
고전위 내식성은 티타늄 중간층의 강점으로 볼 수 있다.
결론적으로, 본 연구에서는 고분자 전해질 연료전지 분리판으로
사용하기에 충분한 접촉저항과 내식성을 가지는 탄소 박막을 STS 316L
기판에

제조하였다.

삽입함으로써

탄소

개선하였고,

단일막의
더불어

접착력은

티타늄

티타늄

중간층은

분리판

중간층을
코팅의

고전위 내식성을 향상시키는데 기여하였다.

주요어 : 고분자 전해질 연료전지, 분리판, 유도결합 플라즈마, 탄소
박막, 접촉저항, 부식
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